Structures containing magnetic metallic layers attract a lot of attention because of their possible applications in the area of spintronics. The hybrid structures compatible with the Si crystal lattice parameter are of special interest. In this work the short-period Fe/Si multilayers were grown by the sputtering onto (001)-oriented Si substrate and investigated by various techniques. After the deposition, all multilayers were characterized by atomic force microscopy. The goal of the present paper was to determine the chemical composition of thin layer created at the interface in Fe/Si multilayers due to the Fe diffusion into Si, as well as to analyze the phenomena, which take place in this area. The results of the optical characterization by the Raman scattering were correlated with the magnetic properties of investigated structures (determined by means of the Kerr rotation).
Introduction
For many years the structures containing magnetic metallic layers attract a lot of attention because of their possible applications in the area of spintronics: they are considered as principal components of the spin injectors, detectors, or fil-ters. In particular, all hybrid structures compatible with the Si lattice parameter are of special interest because they can be easily applied in semiconductor industry. One of the best known and intensively investigated systems of this group is Fe/Si and several papers devoted to the properties of Fe/Si/Fe trilayers or Fe/Si multilayers were published during the last ten years. Due to the diffusion at the interface the nominally non-magnetic, amorphous Si spacer in the structures above mentioned is in reality an Fe-Si phase. The problem is that the Fe-Si system has a very rich phase diagram. The magnetic and electric properties of this system strongly depend on its chemical composition. Several more or less direct experiments were performed in order to get precise information about the character of the spacer in Fe/Si quantum structures. As it is now clear, the spacer composition is not uniform. Moreover, it strongly depends on several parameters selected during the layer growth or deposition (substrate temperature, deposition rate, etc.). In particular, the interlayer exchange coupling in Fe/Si system which is the basic phenomenon deciding about the future applications of such structures, depends in a drastic manner on the chemical composition of the spacer.
The goal of the present work was to get an independent information about possible evolution of the spacer in Fe/Si multilayers with an increasing Fe thickness and to correlate this information with the modification of the magnetic properties of investigated structures. The Raman scattering and Kerr rotation measurements, respectively, were selected for this purpose.
Experimental
The samples were grown at the Institute of Molecular Physics of the Polish Academy of Sciences in Poznań. The set of a short-period Fe/Si multilayers containing very thin Fe layers was deposited in UHV chamber by DC magnetron sputtering onto oxidized, (001)-oriented Si substrates. The thickness of oxidized Si layer was about 1000Å. The first Fe layer was deposited directly on the top of this oxidized layer. Each sample was composed of 15 periods, the nominal thickness of Fe layers varied between 2.5Å and 15Å and that of Si was fixed at 11Å (an optimal thickness value corresponding to the highest antiferromagnetic exchange coupling between Fe layers -see, e.g., [1] and references). Every Fe/Si multilayer was protected by an additional Fe layer grown on the top of the structure, the thickness of this cap layer was exactly the same as that inside the sample. After the deposition, the Fe/Si multilayers were characterized by atomic force microscopy (AFM).
In order to analyze an evolution of the chemical composition of the spacer with an increasing Fe layer thickness, the Raman scattering studies were carried out. These measurements were performed by using Jobin-Yvon U1000 spectrometer equipped with holographic gratings. The Raman spectra were collected at room temperature (RT), using the 514.5 nm Ar + laser line as excitation. The Raman spectra were recorded in a range of wave numbers from zero to 600 cm −1 , the spectral resolution was better than 1 cm −1 . The Raman spectrum for a 1000Å thick, amorphous FeSi 2 layer deposited by the sputtering at similar technology conditions was also taken for comparison.
The magnetic behaviour of the Fe/Si layers was investigated at RT by the measurement of the Kerr rotation in the longitudinal geometry using an He-Ne laser and a photoelastic modulator at a typical modulation frequency of 50 kHz. The magnetic field direction was contained in the plane of the layer and its intensity changed from zero to about 2 kOe.
Results
In order to estimate the sample roughness, AFM measurements were carried out. The root mean square (RMS) value of the standard deviation from the average position of the structures at the sample surface was determined on an area equal to one square micrometer for each sample. The results of AFM characterization demonstrated that the surface of the investigated multilayers was rather smooth. However, the RMS value changes in a non-monotonous manner when the Fe layer thickness increases. For multilayers with the shortest periods, the RMS is as low as 3Å, so the surface of these samples is atomically flat (the thickness of one Fe monolayer (ML) is equal to 2.86Å). Figure 1 shows the results of AFM measurements performed on Fe/Si multilayer with 3Å thick Fe layers. The RMS value reaches its maximum (12Å) for the Fe/Si multilayer made of 7Å thick Fe layers separated by Si layers and later on decreases to the value of 7Å, for Fe/Si multilayer with the 15Å thick Fe. The analysis of the Raman spectra collected on all samples enables us to get important new information about the investigated system. First of all, the structure due to the excitation of the optical phonon of crystalline Si substrate is observed at 521 cm −1 for all the investigated Fe/Si multilayers. This ensures that the values of the Fe layer thickness in multilayers is so thin that the visible light can penetrate inside the whole structures. In other words, if the Raman scattering efficiency of a given phase constituting the structure under consideration is large enough, the presence of this material should be detected as a relevant structure in the Raman spectrum. To our surprise, in spite of a high total thickness of all spacers nominally containing amorphous Si, no trace of this Si phase was observed in the Raman spectra. Such broad and weak structure, centred at about 480 cm −1 was previously seen by the Raman scattering on similar Fe/Si multilayers [2] . However, the multilayers investigated in [2] were deposited by sputtering under different conditions and in a different UHV chamber and contained more Si because of the higher repetition number in one multilayer. On the contrary, a very broad and weak structure is observed in the Raman spectra collected on the Fe/Si multilayer containing 3.0Å thick Fe layers as presented in Fig. 2 . A sharp structure due to the Raman scattering on Si optical phonon (resulting from the excitation of the substrate) is also seen in this figure. In this figure the phonon density of states of an amorphous FeSi 2 [3] is also presented. As can be observed, the Raman spectra match very well with the density of states of FeSi 2 . This attribution is confirmed by the observation of a similar Raman spectrum taken on an intentionally prepared thick amorphous FeSi 2 layer. It must be mentioned that the intensity of this structure does not increase, but in fact decreases when increasing the Fe thickness, and is no more observable as soon as the Fe thickness is larger than 7Å. This behaviour showing a larger signal due to FeSi 2 (and thus a larger volume of this material) on the thinnest Fe layer is somehow surprising. Fig. 2 . The comparison of the phonon density of states for an amorphous FeSi2 layer (after [3] ) with the Raman spectra collected at RT for Fe/Si multilayers with the Fe layers 3Å thick. Concerning the Kerr effect measurements, no magnetic signal could be detected on the Fe/Si multilayers for which the FeSi 2 Raman signal was observed (and vice versa). For samples containing Fe layers thicker than 7.0Å, magnetization loops are observed and the coercive field strongly increases with the Fe layer thickness. An example of such magnetization loop is shown in Fig. 3 .
Discussion
The results of AFM measurements suggest the change of the Fe growth mode when increasing the thickness of the layer. Below some critical thickness, probably corresponding to about 3 ML, deposited Fe does not create an uniform Fe layer but is randomly distributed on the surface in the form of small, separated islands. Such growth mode of the layer is known as the Volmer-Weber type. The sample surface roughness is then at the highest value just below the critical thickness of the deposited layer. Above the critical thickness a more uniform epitaxial Fe layer appears which results in the decrease in the RMS roughness value.
This behaviour is in qualitative agreement with the recent report of the growth of single, thin Fe films deposited on (111)-oriented Si substrate covered by thin iron silicide layer [4] . According to that paper, for a nominal thickness of 1 ML the Fe islands cover less than 20% of the sample surface, these islands start to coalesce around 3.5 ML, and for a coverage larger than 5 ML, all the Fe islands percolate to cover the entire surface. The RMS roughness value, reported in [4] , increased from about 5Å to about 10Å for the Fe thickness range corresponding to the present studies. Moreover, onset of the long-range ferromagnetic order determined in the same paper by the magnetization Kerr loops collected in polar and longitudinal geometries, occurred at 4.7 ML Fe coverage.
It is not excluded that in our case the relevant Fe thickness values are slightly smaller because of different conditions during the deposition process. Moreover, due to an additional interlayer exchange coupling mechanism (which does not exist for single Fe layers reported in [4] ), analyzed by us, Fe/Si multilayers could exhibit the ferromagnetic properties for thinner Fe layers.
For thinner samples, Fe deposited in clusters easily reacts with its silicon environment which results in formation of FeSi 2 . For thicker samples, Fe layers are continuous and the formation of FeSi 2 is only achieved at the interface of Fe and Si. In summary, the quantity of FeSi 2 is probably smaller in the last case because the surface of interaction is reduced and the Raman intensity of FeSi 2 signal decreases.
Conclusions
Short-period Fe/Si multilayers deposited onto (001)-oriented Si substrate by sputtering were characterized by AFM, Raman scattering, and Kerr rotation. An experimental evidence of a presence of an amorphous FeSi 2 layer inside the spacers, which should contain nominally only amorphous Si was demonstrated. The scenario of the evolution of the structure, morphology, and of the magnetic properties of Fe/Si multilayers with an increasing thickness of Fe layers was proposed. This scenario is able to explain satisfactorily all experimental observations and is in agreement with known properties of single, thin Fe layers.
